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Abstract--Experimental results are presented for the impedance of a rocket-borne dipole 
antenna immersed in the ionospheric plasma. The dependence of several interesting impedance 
artifacts upon the antenna position relative to the Earth's magnetic field and rocket motion 
through the ionospheric plasma are shown. Possible evidence for plasma compressibility is 
provided by an impedance discontinuity occurring consistently at approximately twice the 
electron cyclotron frequency and a frequency shifted cyclotron-resonance impedance minimum. 
INTRODUCTION 
The use of rocket and satellite-borne RF (radio frequency) antennas as diagnostic 
probes in the ionosphere is well established, having been discussed as early as 1952 by 
Jackson and, among others, by Heikkila et  al. (1967) and, more recently, Bishop and Baker 
(1972). On a less firm basis, however, is the interpretation and reduction of the probe data 
thereby obtained to ionospheric parameters such as electron density and collision frequency. 
The reasons for this are twofold: first, a lack of sufficiently comprehensive and systematic 
experimental data for the determination of the significant physical processes involved; 
second, an inadequate theoretical capability for predicting the behavior of an antenna in the 
ionospheric plasma. 
The experiment to be discussed here was undertaken in connection with a parallel 
theoretical effort to determine the operating characteristics of an antenna carried aboard a 
rocket in the ionosphere, as well as to demonstrate, by a comparison of various theoretical 
models with the experimental results, the plasma properties to which the antenna is most 
sensitive. Since a theoretical formulation of an antenna in the ionosphere that realistically 
takes into account all the likely significant features, such as the sheath, plasma anisotropy, 
plasma compressibility, etc., is hopelessly complicated, one must be satisfied to perform 
an analysis that is, at best, approximate. Even with a restricted theoretical approach, 
however, one can possibly ascertain the cause of some of the experimentally observed 
features of the antenna impedance. Then, logical explanations concerning some of the 
measured results that the theory does not explain can be proposed. 
Most antenna payloads used for ionospheric experimentation in the past have used one 
or several fixed operating frequencies. The reason for using fixed frequencies was, partly, 
that they simplify the experimental apparatus; also, under the proper operating conditions 
(e.g. operating frequency f >  electron plasma frequency f~), one may possibly obtain 
reasonably accurate values forf~ from the measurements. It is clear, however, that, if a 
more complete picture of the antenna-plasma interaction is to be obtained, one should use 
a continuous frequency sweep over a band that includes the particular frequencies of interest 
such as f~, the electron cyclotron frequency fh, and the upper hybrid frequency ft  == 
÷ f2 .  For this reason, the rocket for which some results are to be presented below 
carried a swept-frequency antenna experiment. This paper presents the advantages of this 
approach both for the antenna-impedance measurement and for some related experiments 
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which will be described in the next section. In the third section, some o£' the experimental 
results are given along with some theoretical considerations related to interpreting the 
experimental data. 
T H E  E X P E R I M E N T  
Historically, many methods of varying degrees of complexity have been used in a search 
for a simple and reliable method of obtaining electron-density profiles in the ionosphere. 
When an ionosonde cannot be used because of ionospheric disturbances of F2 peak height 
limitations, direct probes with rocket vehicles are generally made. Techniques that are 
sensitive to vehicle sheath or wake effects should be avoided if possible, a requirement 
leading naturally to the RFprobe,  which has the possibility of sensing the ambient electron 
plasma frequency outside the sheaths of both the vehicle and probe itself. Heikkila et al. 
(1967) describe several RFprobe techniques, three of which (antenna impedance, resonance 
relaxation, and transmission experiments) have been selected for further study in our 
program. 
A comprehensive description of the experimental details has been given elsewhere 
(Miller and Schulte, 1970). Here we limit our discussion to results obtained from measuring 
the absolute impedance of a 4.58-m half-length, 2 cm dia, balanced electric dipole. Data 
was obtained over a 0.8-10 MHz frequency range by exciting one half of the dipole with a 
swept-frequency voltage of approx 4 V r.m.s, in two overlapping bands. Each complete 
sweep required slightly over 4 sec with 42 upleg and 52 downleg sweeps being obtained as 
the Aerobee rocket (NASA 4.207) was flown to an altitude of 292 km on 8 August 1967 
at White Sands, New Mexico. 
E X P E R I M E N T A L  R E S U L T S  
A typical result for the half-dipole impedance over one complete frequency sweep is 
shown in Fig. 1. Also included on this graph are three computed curves. Two are for the 
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FIO. 1. EXPERIMENTAL HALF-DIPOLE IMPEDANCE PLO'I~ED VS FREQUENCY~ TOGETHER WITH THE 
THEORETICAL IMPEDANCE FROM BALMAIN'S FORMULA FOR THE PLASMA MEDIUM, INCLUDINO THE 
SHUNT CAPACITANCE~ AND THE FREESPACE IMPEDANCE WITH AND WITHOUT THE SHUNT 
CAPACITANCE. 
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antenna in free space, showing the effect of the stray shunt capacitance C s between the 
internal antenna mount and the rocket. The computed impedance curve for the plasma- 
immersed antenna, which includes C8, uses Balmain's (1964) quasistatic formula for the 
parameter values indicated on the figure and the antenna parallel to the static magnetic 
field. The values forf~ and ~ were chosen to obtain the apparent best-fit theoretical curve 
to the experimental results, although no attempt was made to accomplish this by a statistical 
procedure. 
The collision frequency value of 106 sec -1 required for the theoretical impedance curve 
to fit the experimental data is unrealistically high for an altitude of 260 kin. A possible 
explanation for this may be that proposed by Balmain et  aL (1967), who found from a 
quasistatic analysis of a spherical antenna in a cold magnetoplasma that a radially variable- 
sheath electron density produced an effect on the impedance similar to that caused by 
electron collisions in the absence of a sheath. Balmain et  al. found that the high electron- 
collision frequency required to match the theoretical and experimental data was thus 
reduced to a more realistic value by including a sheath, a finding that appears to be applic- 
able in our case, also. 
It may be noticed that the antenna impedance peaks considerably below the upper 
hybrid frequency of 3.93 MHz due to the effect of C8. It may furthermore be seen that the 
experimental impedance results approach the free-space theoretical curve, which includes 
the effect of C,, from above for frequencies above ft. 
For frequencies belowfn, the measured impedance appears to be approaching a value 
less than that predicted for a free-space, apparently reflecting the effect of a sheath capaci- 
tance. We can write the input impedance to the antenna in the form 
= z s 2 . , l ( Z s  + 2A (]) 
where Z s and Za are the shunt capacitance and antenna-sheath combination impedances. 
Furthermore, from Balmain (1966) we have, assuming a vacuum sheath for a model, 
~A = ZR. freespace - -  Zs, freespace -~  Zs, plasma (2)  
with R and S denoting the antenna and sheath radii respectively and Z the impedance of a 
dipole of the corresponding radius in free-space or the plasma. Upon solving for 2 a from 
(1) we find 
= ZsZ1 /(Zs - -  ZZN)  = Z S U  + Z.4 ( 3 )  
where Zz~ is the sheath impedance (Zn. freespace- ZZ. freesva~) and Z a is the antenna 
impedance (Zs, pla,ma). Finally then, since the sheath impedance is predominantly 
capacitive, 
1 
Z 8 ~  = Z s Z z N / ( Z  s - -  Z Z N  ) - -  Z a N - -  (4) 
j O C s H  
from which we can find C s n  given Za. Since we do not know the sheath radius, and since 
in addition Za is not strongly dependent upon the radius, we use Z~ --~ ZR. p~.~.. If we 
denote by Z~ the antenna impedance results computed from Balmain (1966) which include 
the effect of the shunting capacitance but not the sheath as shown on Fig. 1, we finally have 
- 
C s ~  ~ [t . . . . . .  • (5) 
I oJZ,~2(ZiN - Z ~ )  I 
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Some representative results for C s i  r as determined from Equation (5) using the measured 
values for ZIN  and calculated results for Z~ at a frequency of 1 MHz follow below in Table 
1. Note that ZZN has been assumed to be purely capacitive in using Equation (5). This is 
reasonable at this frequency, and necessary as well, since our measurement provides ~he 
absolute impedance value only. Also included is an estimation of the equivalent vacuum 
sheath thickness computed from Zx, freespaee ~ ZR,  freespaee --ZsIt using the quasistatic 
formula given by Balmain (1966), to calculate an antenna impedance value. 
T A B L E  I 
Height Z Is ~ ~ Cs~ SsR 
(km) (ohms) (ohms) (pfd) (cm) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
105 2120 1250 95 15.0 
145 1575 650 114 9"3 
182 1300 325 122 8.1 
235 1260 210 117 8-8 
260 1260 16(1 111 9.9 
282 1180 140 121 8.2 
A slight decrease in the computed sheath capacitance with decreasing height may be 
observed. This results in an increased sheath radius due to the decreased election density, 
and consequently a larger value for the Debye length at the lower altitudes. 
Further evidence is provided for the influence of a sheath on the impedance by the up- 
ward shift in frequency of the impedance minimum, predicted for the sheathless case to be 
located atfn. This shift evidently occurs due to a series resonance between the capacitive 
sheath and the inductive plasma and is predicted both by Balmain's (1966) spherical 
antenna quasistatic analysis and Miller's (1967) treatment of the infinite cylindrical antenna 
in an incompressible, anisotropic plasma. Miller used a concentric free-space layer or 
vacuum sheath to approximate the actual inhomogeneous sheath. In addition, it is in- 
teresting to note that, for the infinite antenna, the plasma compressibility causes an upward 
shift of the impedance minimum for the anisotropic plasma when there is no sheath (Miller, 
1968) and may thus represent an equivalent capacitance. 
While we cannot, therefore, be sure of the relative influence these two factors exert in 
determining the impedance minimum, it is possible to estimate their combined capacitive 
effect. We may again employ Equation (5) to obtain an equivalent capacitance C~Q, from 
the measured and computed impedance values. The results derived for C~o are summarized 
in Table 2 below for the same altitudes employed in Table 1. Also included is a computed 
sheath thickness denoted by S~: o using the same procedure as described above and assuming 
CEO is due entirely to a sheath effect. 
T A B L E  2 
Height f ,, Z t.v Z a Czq SxQ 
(kin) (MHz) (ohms) (ohms) (pfd) (cm) 
105 1"48 1300 1570 159 5-0 
145 1.64 780 1040 155 5"2 
182 1"8 420 740 177 4'2 
235 2"2 165 700 133 6"8 
260 2.26 170 620 145 5-8 
282 2-28 200 480 189 3-8 
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In deriving the above Ceo results we have again had to make an assumption regarding 
the phase of ZZN. Because the calculation is performed at the frequency of an impedance 
minimum, we assume ZzN here to be purely real. 
It is intriguing to note upon comparing the results of Tables 1 and 2 that CEO :> CSH 
(and consequently S~: o < Szn ) in every case. This seems to imply an 'excess' capacitance 
at the impedance minimum compared with that obtained from the 1 MHz impedance data. 
If the sheath is entirely responsible for the capacitive effect, its capacitance defined above as 
Zslt  = ZA. f reespaee-  ZB. freespace OC ((.OCsH) -1 would not be expected to vary with 
frequency. One other possible source for the increased capacitance at fm is the plasma 
compressibility, whose effect might indeed be frequency dependent. The data cannot be 
regarded as conclusive in this regard. Since we are unable to provide an estimate of the 
various errors involved, we cannot say whether the difference between CEQ and CSH is 
significant. It is interesting to note, however, that Nakatani and Kuehl (1973) find from a 
kinetic theory formulation that the compressibility effects, negligible below fh so that 
Balmain's (1964) quasistatic theory is adequate there, do exhibit significant effects near 
harmonics offh. Our data would seen to be consistent with this finding. 
A further demonstration of the possible influence of the plasma compressibility is 
provided by the impedance discontinuity, or dip, that occurs at approx 2fh on Fig. 1. This 
feature consistently occurred on the impedance records throughout the flight, as well as 
being manifested by significant responses on both the relaxation resonance and transmission 
experiment channels. A resonance at harmonics of the cyclotron frequency was observed 
by the Alouette and Explorer satellites, as well as at about 2.fn on another rocket impedance 
experiment (Melzner and Robben, 1970). These responses have been attributed to zeroes 
of the dispersion equation by Dougherty and Monaghan (1966); but, in the case of the 
antenna impedance, Johnston (1968) suggested that the use of a tensor rather than a scalar 
pressure for the compressible, anisotropic plasma would result in an impedance excursion 
at 2fh. As mentioned above, it also appears consistent with the kinetic theory results of 
Nakatani and Kuehl. 
The experimental-theoretical impedance comparison shown on Fig. 1 is typical of the 
agreement obtained between measured data and calculated best-fit values for the impedance 
throughout the flight. It appears that one may confidently derive electron densities from 
the measured impedance results by this approach, which makes use of Balmain's theory. It 
is unnecessary to go through the labor of fitting the entire curve, however, to obtain f~, 
which may instead be more easily found from the impedance magnitude at a fixed frequency 
abovefh where the influence of ~, is relatively unimportant. Alternatively, the frequency of 
the impedance peak belowft can also be used for this purpose, since here again the frequency 
at which this occurs is insensitive to v (for ~, < c%). Altitude profiles of the electron density 
have been derived from the impedance data for the flight, and found to compare favorably 
with a simultaneous ground-based ionosonde record as well as with an on-board Langmuir 
probe. Some preliminary results of this analysis have been given by the authors (Schulte 
et al., 1968); a more complete presentation of the electron-density measurement using the 
impedance data concludes this discussion. 
For the remainder of the paper we restrict our attention to the influence of the rocket 
rotation on the antenna impedance. The results presented below were derived from 
machine-plotted curves of the computer-processed impedance data. The data are given in 
two forms, the first set of graphs showing the frequencies at which various interesting 
impedance features occur, and the second showing the magnitudes of some of the same 
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impedance features, both as functions of time. Since the rotation period of the rocket was 
about 20 sec, more than four complete frequency sweeps were obtained per period, thus 
providing sufficient resolution to demonstrate the impedance dependence on the magnetic 
field and rocket wake. 
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FIG. 2. THE FREQUENCY fm AT WHICH THE HALF-DIPOLE IMPEDANCE MINIMUM Zrn ASSOCIATED 
WITH THE ELECTRON CYCLOTRON FREQUENCY fh OCCURS AS A FUNCTION OF FLIGHT TIME. 
fromfh, occurs. It should be recalled from the discussion above that this shift may be due 
to combination of sheath and compressibility effects. Figure 2 shows well-defined oscil- 
latory pattern off , ,  in time that has a period corresponding to the rotation period of the 
rocket. This modulation o f f ~  is strongly correlated with the antenna position relative to 
the rocket wake, as may be seen by comparing Fig. 2 with Fig. 3, which shows the stream 
velocity tangential to the antenna. 
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FIG. 3. THE PLASMA-STREAM VELOCITY TANGENTIAL TO THE HALF-DIPOLE WHOSE IMPEDANCE 
WAS MEASURED, AS A FUNCTION OF FLIGHT TIME. 
Positive velocity values indicate that the half-dipole points in the direction of  rocket motion. 
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impinges on the rocket, so that the antenna is then facing in the direction of rocket motion, 
while for negative velocities the antenna is located on the trailing side of the rocket and 
passing through its wake. The value off ,"  may be seen to be largest when the antenna is 
facing forward into the unperturbed (by the rocket) ambient ionospheric plasma. Since, 
as discussed above, the upward shift off , ,  fromfh may be due to both sheath and compressi- 
bility effects, it is difficult to conclude at this point the more important of these two factors 
in determining fro. 
In Fig. 4 theoretical values off," are shown for an infinite cylindrical antenna as functions 
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FIG. 4. THEORETICAL VALUES FOR fm AS A FUNCTION OF THE PLASMA FREQUENCY f~, WITH THE 
VACUUM SHEATH THICKNESS X IN DEBYE LENGTHS AS A PARAMETER~ FOR THE INF1NITE 
CYLINDRICAL ANTENNA. 
off~, with the thickness of the vacuum sheath a parameter. This vacuum sheath thickness 
Xis given in units of the Debye length (D z = Vo/o~/3, where V0 ---- r.m.s, electron velocity) 
for an electron temperature T of 1500°K, withfh ---- 1.25 MHz and v = 104 sec -x. We see 
that the upward shift off ,"  is considerably more sensitive to increasing the value off~ than 
to the vacuum-sheath thickness, despite the fact that the physical sheath thickness for a 
fixed value of Y decreases with increasing f~. This result indicates that f~ is larger in front of 
the rocket than in its wake, a conclusion that is further substantiated by the impedance 
values measured above f t  where the sheath influence is relatively unimportant and which 
will be further discussed below. 
The frequency at which the impedance maximum associated with the upper hybrid 
frequencyft occurs, denoted byfM, is shown in Fig. 5. It should be recalled that fM is not 
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FIG. 5. THE FREQUENCYfM AT WHICH THE IMPEDANCE MAXIMUM ASSOCIATED WITH THE UPPER 
HYBRID FREQUENCY j~ OCCURS, AS A FUNCTION OF FLIGHT TIME. 
equal tof~ because of the antenna shunt capacitance C8. The oscillation o f f ~  with time is 
seen to be about twice as fast as that exhibited by fro on Fig. 4 and is well-correlated with 
the tangential component of the ionospheric magnetic field at the antenna, the time varia- 
tion of which is shown in Fig. 6. It appears that the value offM is sensitive to the absolute 
magnitude of the tangential magnetic field at the antenna, and further thatfM has maxima 
at extrema of the tangential magnetic field. This result agrees with Balmain's (1964) 
quasistatic theory of a cylindrical dipole antenna that shows the impedance to be a function 
of the absolute value of the magnetic field and the absolute magnitude of the angle between 
the antenna axis and the magnetic field. 
The concluding graph of this series is a time plot of the two frequencies at which dis- 
continuities or sudden changes in the impedance were consistently found throughout the 
flight. The lower of these two frequencies, which we denote as j~l, appears to be approx 
twice the election cyclotron frequency and is relatively insensitive to altitude, as may be 
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FIG. 6. THE TANGENTIAL COMPONENT OF MAGNETIC FIELD AT THE DIPOLE, AS A FUNCTION OF 
FLIGHT TIME. 
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FIG.  7. A PLOT OF THE TWO FREQUENCIES AT WHICH IMPEDANCE DISCONTINUITIES WERE 
OBSERVED CONSISTENTLY THROUGHOUT THE FLIGHT, AS FUNCTIONS OF FLIGHT TIME. 
The frequency at approx twicefn is denoted byfdx, and that associated withf~ is denoted byrd2. 
seen on Fig. 7. The value of.fax may be observed to be smallest over the middle portion of 
the flight, as would be expected, since the value offh decreases with altitude. It is interesting 
to note that recognizable responses at this same frequency of about 2fn were consistently 
observed throughout the flight on the transmission and relaxation resonance experiment 
channels, also. The higher of the two frequencies, which we denote byf~2, is seen to be a 
much more variable function of time thanfal. (The dashed portion of the curve indicates 
regions where values forfa2 could not be obtained from the data, principally because of the 
masking effect of the downward-shifted f ,  peak.) A comparison of theft2 results on Fig. 7 
with the tangential magnetic field component shown in Fig. 6 reveals some degree of 
correlation between them. There is a considerably greater correlation between fa2 and 
the normal stream velocity at the antenna, however, as a comparison of Figs. 7 
and 3 shows. An impedance discontinuity is predicted to occur at f~ by Balmain's 
(1964) quasistatic analysis as well as by the infinite-antenna results (Miller, 1967). The 
correlation offa2 with the stream velocity (or antenna location relative to the rocket wake) 
indicates that the discontinuity thus may be used with reasonable confidence to determine 
f~, as well as taken to demonstrate the validity of the theoretical results. The impedance 
discontinuity has been previously used by Heikkila et al. (1967) to findf~. We may remark 
that theft2 results of Fig. 7 are consistent with the fro values of Fig. 2 in indicating thatf~ is 
larger in the unperturbed plasma in front of the rocket than in the wake. 
The second series of graphs are time plots of the impedance magnitudes of various 
interesting impedance features. In Fig. 8 are shown the magnitudes of the impedance 
minimum Z m at fro and the impedance maximum Z.vL atfM. We see that theZm values are 
for the most part correlated with the velocity curve of Fig. 3. They exhibit a 1-cycle 
variation per rocket rotation rather than the 2-cycle variation that would result from a 
magnetic field influence. A further intriguing feature of the Z m plot of Fig. 8 is the fact that 
the maximum values occur at negative velocity maxima, i.e. or when the antenna is in the 
rocket wake. This property of the impedance is also predicted by Balmain's theory, in that 
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FIG.  8, THE IMPEDANCE MINIMUM, Zm, AND MAXIMUM, Z ~ ,  AS FUNCTIONS OF FLIGHT TIME. 
the impedance minimum at f~ (which corresponds to our upward-shifted Z,~ impedance 
minimum) decreases asf~ increases. We thus find a third measured impedance feature that 
indicates the reasonable result that the electron density is decreased in the rocket wake, 
compared to that in the unperturbed regions in front of the rocket. 
Turning our attention now to the impedance maxima Z, we find a correlation with both 
the tangential velocity and tangential magnetic field components. Contrary to the finding 
for Z,~, it may be seen that ZM has maxima for positive maxima in the tangential stream 
velocity at the antenna. In addition to this, there are smaller maxima in Z M interspersed 
between those associated with the velocity, where it appears that Z M is maximized when 
the tangential magnetic field at the antenna is zero. Both of these features of the ZM values 
are also consistent with the predictions of Balmain's theory. 
We find the impedance magnitude at thefa~ discontinuity, Zal, as shown in Fig. 9 to be 
primarily correlated with the tangential velocity. The dependence upon the velocity is 
similar to that found in the Zm data above. This is to be expected, since the frequencies fro 
and 2fn are relatively close throughout the flight. A comparison of thefal curve of Fig. 7 
with that of Fig. 11 further reveals that the sharp increases in Zd~ at the lower altitudes of 
the flight are correlated with similar abrupt decreases in the values off~ 1. It appears from 
this behavior in both Zal and fal that a significant change occurs in the phenomenon 
producing this impedance characteristic. The most obvious factor would be the altitude 
variation of the ionospheric plasma, since the transition region Zal andfdl for both the upleg 
and downleg portions of the flight is between 190 and 200 kin, although it may be seen by 
referring to Fig. 5 that the larger tangential velocities also occur near the transition region 
of the Zax andfal behavior. 
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FIG. 9. THE IMPEDANCE VALUE Zax OCCURRING NEAR 2fh, AS A FUNCTION OF FLIGHT TIME. 
As the final graph in this sequence, we present in Fig. 10 the impedance magnitude at a 
constant frequency of 5.25 MHz plotted as a function of time during the flight. This 
frequency was chosen because it exceeded the highest value off~ encountered over the 
rocket trajectory, yet is close enough toft to provide adequate sensitivity for the determina- 
tion o f f ,  from the impedance magnitude. A well-defined oscillatory behavior of the im- 
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FIG.  10. THE VARIATIONS WITH FLIGHT TIME OF THE IMPEDANCE Zs .2s  AT 5.25 MHz. 
These impedance data and thef~ andfd2 values were used to obtain the electron-density results 
shown in Fig. 13. 
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period. A comparison of Fig. 10 with Fig. 5 shows that the impedance minima occ~: at 
negative maxima of the tangential stream velocity at the antenna, i.e. when the antenn~ is 
located in the rocket wake. This finding provides additional evidence for a decreased 
electron density in the rocket wake, since theory predicts that above f ,  the impedance 
increases with increasing values off~. The general trend of the 5.25 MHz impedance values 
to increase with altitude also demonstrates the increase in antenna impedance above ,f', 
which is caused by an increase in the electron density. 
To conclude our discussion, we present in Fig. 11 a comparison of electron-density 
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FIG. 11. A COMPARISON OF THE ELECTRON-DENSITY PROFILE MEASURED DURING THE FLIGHT. 
The heavy solid line is from ionosonde data; x points are fromfx; © points are fromfas; 
A points are from Z5.25. 
values derived from the present experiment with independent data obtained from a ground- 
based ionosonde. The upleg and downleg portions of the flight are shown separately for 
clarity. Results are presented for three methods of deriving electron density from the meas- 
ured antenna impedance: (1) the location in frequency of the peak impedance associated 
with the upper hybrid frequency; (2) the location in frequency of the impedance dis- 
continuity associated with the electron plasma frequency; and (3) the impedance magnitude 
at 5.25 MHz. The former two methods use the frequency at which a particular impedance 
feature occurs and, insofar as the frequency value itself is concerned, should be accurate 
to within 1 per cent, since crystal-controlled markers are used to calibrate the frequency 
sweeps. The latter method, however, depends upon the ratio of the voltage and current at 
5.25 MHz, as well as requiring the effect of a shunt capacitance upon the absolute im- 
pedance value to be accounted for, and so may provide a less accurate measure of electron 
density. We estimate the electron-density values overall to be experimentally accurate to 
4-20 per cent (Miller and Schulte, 1970). 
The data points presented in Fig. 11 represent only the minimum and maximum values 
for electron number as obtained from plots of the kind shown in Fig. 10 and are connected 
by straight lines to improve their legibility. 
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Agreement between the present results and the ionosonde curve is not too good for the 
upleg flight segment, but is considerably better on the downleg side. The impedance- 
derived results exhibit fairly good consistency in their respective indications of electron- 
density extrema as a function of altitude. The best overall correlation with the ionosonde 
data and our impedance results is found in the values derived from the frequency of the 
impedance peak. Except for the lower altitudes, the 5.25 MHz results are also in good 
agreement with the ionosonde curve. Thus, in agreement with Heikkila et aL (1967) and 
Bishop and Baker (1972), we conclude that the impedance measurement provides a workable 
method for determining electron density. 
SUMMARY AND CONCLUSIONS 
The general findings of the experimental results presented above may be summarized 
as below. 
(1) The measured impedance data, apart from a consistent discontinuity at ~-~ 2fh, and 
possibly the impedance offmin are in accord with Balmain's (1967) quasistatic theory both 
as to dependence uponf~ andfh and antenna orientation with respect to the magnetic field. 
(2) Impedance values belowfh (at 1 MHz) and at the upward shifted minimum associa- 
ted withfh, indicate a series capacitance, possibly due to a sheath, ~ 100 pfd. 
(3) The impedance magnitude abovef t  provides a reliable method for determining the 
electron density as does a consistently occurring discontinuity at ~-~f~,. 
The principal variations from quasistatic theory occur in impedance discontinuity 
observed at about 2~ and possibly also the upward shifted impedance minimum associated 
with fh. The latter result could be explained as being due to the separate or combined 
influence of plasma compressibility or a sheath, based on the infinite antenna theory, and 
also qualitatively agrees with the kinetic theory results of  Nakatani and Kuehl (1973). 
In conclusion, the experimental values that have been obtained for the impedance of a 
rocket-borne antenna in the ionosphere demonstrate the potential value of an impedance 
probe for ionospheric diagnostics, its sensitivity to respond to small changes in the ambient 
plasma, and the value of a swept-frequency experiment for providing exceptionally useful 
data for comparison with theoretical predictions. 
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